tivation and safe elimination of potentially toxic compounds produced by the mammalian fetus largely depends on transfer via the placenta and disposal by the mother. For several UDP-glucuronyltransferase isoenzymes, hepatic conjugation matures only after birth so that conjugation deficiency occurs in the neonatal period, resulting in transient accumulation of potentially toxic metabolites in the body (6). A clinically important and obvious example of this situation is neonatal hyperbilirubinemia, which is due to accumulation of unconjugated bilirubin in tissues and body fluids and occurs in most mammals including humans. Effective disposal of bilirubin requires conversion to bilirubin glycosides. Severe unconjugated hyperbilirubinemia may produce irreversible neurologic damage. Therefore, induction of bilirubin esterification in the Received December 2, 1994; accepted April 5, 1995. fetus and newborn is of therapeutic importance. have used the embryonated egg as a rnodel system (2, 7).
[taly.
Hepatic UDP-glucuronyltransferase activity toward various 350 VAJRO phenolic substrates increases from virtually undetectable to adult values in chick embryo liver and kidney on hatching at 21 d (8). Relatively few results are available on bilirubin esterification in the avian embryo. There is circumstantial evidence for developmental changes in bilirubin esterification similar to the pattern found in mammals. Transient hyperbilirubinemia in the posthatching period (9) and absence of bilirubin UDPglucuronyltransferase activity in chick liver microsomes (10) have been reported. On the other hand, there is evidence for in vivn and irz vitro formation of bilirubin glucosides, xylosides, and glucuronides by adult chickens (11-13). These data and the findings that precocious development in vivo of UDPglucuronyltransferase can be elicited and marked enzyme induction be obtained by injection of phenobarbital or infusion of certain hormones into embryonated eggs (8, 14) prompted us to evaluate the developing chick embryo as a model system for studies on ontogenicladaptive aspects of bile pigment metabolism and modalities for treatment of unconjugated hyperbilirubinemia.
A major deficiency of the previous studies on development of bilc pigment metabolism (9, 13, 15) in avian species is that nonspecific and insensitive analytical tools were used for determination of in vivo and in vitro esterification of the pigments. Therefore, it was necessary to reinvestigate the composition of bile pigments in serum and bile and the bilirubin UDP-glycosyltransferase activities in the embryonic chick liver throughout its development using advanced methodology for identification of bile pigments and assay of enzymic esterification of bilirubin (16, 17) .
METHODS
Chemicals and test pigments. All solvents and reagents were analytical grade. Bilirubin, UDPGlcUA, UDPGlc, UDPXyl, bovine serum albumin, Cohn fraction V, Hepes, NAD+, and glucaro-1,4-lactone were from Sigma Chemical Co. (St. Louis, MO). Chapso was obtained from Bio-Rad Laboratories (Richmond, CA). Ethyl anthranilate and pentan-2-one were from Eastman Kodak Co. (Rochester, NY). HPLC-grade chloroform (pentene stabilized, or 0.75% C,H,OH preserved) was from Fisher Scientific (Fair Lawn, NJ). Glass plates precoated with silica gel (576310025 from Merck, Darmstadt, Germany) were used for thin-layer chromatography.
The following reference con~pounds were prepared as reported previously: bilirubin C-8 monomethyl ester, bilirubin C-12 monomethyl ester, bilirubin dimethyl ester, and xanthobilirubic acid monomethyl ester (18) ; bilirubin-IXP, 1x7, and -1X6 in their unesterified form, monomethyl ester form, and dimethyl ester form (19) ; bilirubin-IIIa and -XIIIa (20) ; and the dimethyl esters of biliverdin-IXa, -IXP, -IXy, and 1x6 (18) . The monomethyl ester and unesterified forms of the latter four verdin isomers were prepared by partial saponification (18) , and were isolated by thin-layer chromatography using chloroform/methanol/water (40:9:1, vollvol) as solvent system. Isolated pigments were eluted from silica with methanol. In agreement with the recommendations of the IUPAC/IUB Commission on Biochemical Nomenclature, the names bilirubin and biliverdin represent, respectively, bilirubin-IXa and biliverdin-IXa (1).
Animals and collection of serum, bile, and liver tissue specimens. White Leghorn chickens (4-7 mo of age), chicks, and fertilized eggs were used. Body fluids and liver tissue specimens were collected at 14 and 18 d of embryonal age, immediately after hatching ("d On), and 1 , 3 , 4 , 5 , 7, 10, 14, and 18 d after hatching, and from adult animals. Chicks and chickens were fasted overnight before collection of samples. Blood for preparation of serum was obtained from adult animals by brachial venipuncture, from chicks by heart puncture, and from embryos by venisection of a chorioallantoic blood vessel.
Individual gallbladder bilc specimens were obtained from adult animals at laparotomy, by direct puncture and aspiration of bile. In embryos and chicks, the gallbladder was removed after ligature of the ductus cysticus, and the contents of five to seven gallbladders from animals identical in age were pooled. After collection of blood and bile, liver tissue was excised, weighed, and minced with a razor blade. Liver homogenate (25%, wtlvol) was prepared in ice-cold 0.25 M sucrose containing 1 mM EDTA in 5 n1M TrisIHCl buffer, pH 7.4.
Rat bile enriched with added unconjugatcd bilirubin (18) was used as a source of reference pigments for HPLC analysis of bilirubins (see below). Azopyrromethenes prepared by trcatment of dog gallbladder bile with diazotized 0-ethyl anthranilate were employed as reference material for structural analysis of bilirubins in the avian body fluids (19) .
Determination and structural analysis of bilirubins. Specific measurement of unesterified bilirubin and its di-esterified and two isomeric (C-8 and C-12) mono-esterified sugar conjugates was done with the alkaline methanolysis procedure combined with normal-phase HPLC (20) . For each developmental stage, the identity of the bilirubin ester peaks, in at least one chromatogram, was verified by taking a duplicate sample through the alkaline methanolysis procedure, except that methanol replaced the KOHImethanol reagent. In this "sample blank," transesterification does not occur, and peaks corresponding to methyl esters derived from sugar conjugates do not appear in the chromatogram. Because an unknown pigment partially co-eluted (slightly ahead) of unesterified bilirubin in most chromatograms from avian bile, accurate measurement of this minor bilirubin fraction was impossible. This interference led to overestimation of the unconjugated pigment and hence of total bilirubin values. However, the latter error was negligeable (<2% error for total bilirubin values) because the unconjugated bilirubin fraction, even when overestimated and uncorrected, invariably accounted for less than 2% of the total bilirubins in the chromatograms.
Bilirubins in the avian specimcns were converted to ethyl anthranilate azoderivatives to identify the nature of the conjugating sugar moieties in the esterified bilirubins and to detect p, y, and 6 isomers of bilirubin-IX (21) . Chemical and chromatographic methods for preparation and analysis of these azopigments and nomenclature used to denote the various azopyrromethenes are as previously reported (19) . The method of Novros et al. (22) was used for measurement of total bilirubins by a diazo-method.
Determination and structural analysis of biliverdins. Biliverdin in serum and bile was assayed by HPLC with a Whatman Partisil 5 CCSIC, column (23) . This method also permits separation of the four isomers (a, p, y, 6) of biliverdin-IX. The four isomers were used as chromatographic references, and the assay was calibrated with standards of biliverdin dissolved in methanol. Results of the chromatographic method were within 10% of the values found with the standard spectrophotometric method (24) when the two assays were applied in parallel to 10 different chicken bile specimens. The alkaline rnethanolysis procedure (18) was used to test for the presence of sugar conjugates of verdins in bile. Biliverdin monomethyl esters and biliverdin dimethyl ester were searched for in the reaction mixture by thin-layer chromatography with chloroform/ methanol/water (40:9:1; vol/vol) as solvent system, using isolated monomethyl esters and dimethyl esters of biliverdin-IXa, IXP, -IXy, and -1X6, and the unesterified form of the four isomers as chromatographic references.
Assay of bilirubin UDP-glycosyltransferase activities. Enzymic formation of esterified bilirubins was assayed with the 0-ethyl anthranilate method (17) as described elsewhere (25) . To ensure measurement of total transferase activities, homogenate was pretreated with the detergent Chapso to fully disrupt the microsomal vesicles (26) . Preliminary experiments showed that activation of bilirubin UDP-glucuronyltransferase in hen homogenate was 7-fold and 6-fold when, respectively, Chapso and digitonin (17) were used as detergent. Incubation mixtures (total volume: 2.0 ml) consisted of the following components (final concentrations are in parentheses): 500 pl of a 25% liver homogenate (7.5-12.5 mg of proteinlml of total incubation mixture), Hepes buffer (pH 7.7, 140 mM), MgC12 (6.25 mM), NAD+ (10 mM), glucaro-1,4-lactone (1 mM), Chapso (4 mM), bilirubin and albumin (100 and 50 pM, respectively), and UDP-sugar cosubstrate (5 mM). Bilirubin was dissolved in 0.05 M NaOH containing 1 mM EDTA and then mixed with albumin dissolved in water. Except for UDPsugar, all components of the incubation mixture were combined at O°C, and the solution was blanketed with an argon atmosphere. For thermal equilibration, the mixture was preincubated for 5 min in a shaking water bath at 37°C. The ' / A -4 14E 18E 0 4 8 12 16 20 adult glycosidation reaction was started by addition of UDP-sugar dissolved in Hepes buffer (100 p l for each 2.0 ml of total incubation mixture) and incubation at 37OC was continued for up to 20 min. Aliquots (500 p1) were withdrawn from the incubation mixture 5, 10, and 20 min after adding cosubstrate. Each portion was transferred to 1 ml of ice-cold glycine-HC1 buffer (0.4 M HCl; pH 2.4) and kept in melting ice. Coupling of esterified bilirubins was performed at 2S°C as described elsewhere (17) . Product formation progress curves were linear for 20 min under the selected incubation conditions. Blanks prepared by replacement of the cosubstrate solution by Hepes buffer were not used because esterified bilirubins (predominantly bilirubin glucosides) were formed during the pre-assay thermal equilibration period. Sufficient endogenous UDP-sugar appeared to be present in avian liver homogenate to produce significant esterification in the absence of added cosubstrate. Enzymic activities are expressed as pmoles esterified bilirubin/ min/mg of protein.
At each tested developmental stage, verification of the nature of the enzymically formed esterified bilirubins was performed by structural analysis of the azoderivatives extracted from the incubation mixture. The underivatized azopyrromethenes were subjected to thin-layer chromatography for isolation of the a,, a,, and 6 azopigment fractions. The identity of these bands (respectively, xyloside, glucoside, glucuronide) was confirmed by thin-layer chromatography of the acetylated (for a,, a,) or methylated and acetylated (for 6) derivatives with respect to appropriate reference pigments. Protein was measured with the method of Lowry et al. (27) using bovine serum albumin as calibration standard.
RESULTS

Composition of bile pigments in bile and serum.
Concentrations of biliverdin and bilirubins in gallbladder bile at various developmental stages are shown in Figure 1 . Total bilirubin measured by HPLC accounted for 2.5-11.5% of total biliary bile pigment. Highest ratios of bilirubins to biliverdin were observed in embryonal bile. Values for total bilirubin in bile assayed by a conventional diazo-method were 2-7-fold " : a higher than the total bilirubin concentrations assayed by HPLC. Why such large discrepancies occurred remains unresolved. Because the HPLC method is highly specific and sensitive, and is well validated analytically (18, 20) , we believe that the HPLC results are accurate, and that the observed discrepancies reflect the presence in bile of diazo-positive material that does not correspond with authentic rubin pigment.
For all developmental stages tested, monomethyl esters and dimethyl esters of biliverdin-IXa, -IXP, -IXy, and -1X6 were undetectable in thin-layer chromatograms of pigment extracted from bile and subjected to alkaline methanolysis. A single biliverdin band migrating with the unesterified reference pigments biliverdin-IXa, -IXP, -IXy, and 1x6 (these four isomers were not separated by thin-layer chromatography) was observed in all chromatograms. Analysis of bile by HPLC was performed to determine the isomeric composition of this unesterified biliverdin band. Virtually all biliverdin corresponded with biliverdin-IXa, with only trace amounts (less than 5% of total biliverdin) of the P, y, and 6 isomers.
Absence of significant amounts of bilirubin-IXP, -IXy, or -1X6 was confirmed by thin-layer chromatography of the 0 -ethyl anthranilate azoderivatives prepared from bile. The socalled a,', a,, fix, and y fractions, which correspond with the azoderivatives from the non-a isomers of bilirubin-IX (19) , were undetectable in these chromatograms.
Analysis of bile by alkaline methanolysis and normal-phase HPLC showed that the biliary bilirubins consisted almost exclusively of esterified pigments, with only a trace amount (<2% of total rubins) of unconjugated bilirubin. Di-esterified bilirubin was predominant in all bile specimens including samples from 14-and 18-d-old embryos ( Fig. 2A) . Approximately one quarter of the esterified pigment was in monoesterified form, with a mean C-8/C-12 isomer ratio of 0.7 (Fig.  2B) . The proportions of mono-esters to di-esters and of C-8 isomer to C-12 isomer tended to be higher in embryos.
Further characterization of the esterified bilirubins, particularly with respect to their conjugating moiety, was performed on 0-ethyl anthranilate azo derivatives. Chromatography of azopyrromethenes extracted from bile after coupling with diazotized 0-ethyl anthranilate demonstrated the presence of a,, a,, and 6 azopigment fractions in all specimens, including those collected from 14-and 18-d-old embryos. The isolated azopigment fractions were acetylated (for a,, and a,) or methylated and then acetylated (for 6), and the resulting derivatized azopyrromethenes were analyzed by thin-layer chromatography. Pigments obtained from a,, a?, and 6 fractions migrated as correspondingly derivatized authentic Azpm(Xyl), Azpm(Glc), and Azpm(GlcU), respectively. Collectively, these findings confirmed that bilirubin glucosides, glucuronides, and xylosides were present in bile throughout development, with glucosides constituting 50-80% of total esterified bilirubin (Fig. 3) .
The positional I-, 2-, 3-, and 4-0-acyl isomers of bilirubin glucuronide in bile were also determined. The latter three non-glycosidic isomers are characteristically present in stagnant bile as seen in cholestasis (28) . Separation of the four positional isomers by thin-layer chromatography after conversion of Azpm(G1cU) to its methylated derivative demonstrated that at all developmental stages, biliary bilirubin glucuronides had almost exclusively (>96%) the 1-0-acyl isomeric structure.
Neither biliverdin nor esterified bilirubins were detectable in serum at any developmental stage. The detection limit of our HPLC assays was 0.4 p M for biliverdin, 0.03 p M for monoesterified bilirubins, and 0.06 p M for di-esterified bilirubin (for a sample volume of 200 p1 serum). Similarly, unconjugated bilirubin was undetectable (i.e. < 0.4 pM) in serum from embryos, chicks, and adult chickens.
When serum was assayed by a standard diazo-method, a small amount of diazo-positivity was observed in some samples, giving calculated total bilirubin values ranging from 0 to 7 pM. In view of the undetectability of unconjugated or esterified bilirubins by the distinctly more sensitive and specific HPLC methods, it is unlikely that this diazo-positivity corresponded with rubin pigment.
Development of hepatic bilirubin UDP-glycosyltransferase activities. Bilirubin UDP-glycosyltransferase activities measured at various developmental stages with the cosubstrates UDPGlc, UDPGlcUA, and UDPXyl are shown in was found in 14-and 18-d-old embryos and no major developmental changes occurred in any of the three measured UDP-glycosyltransferase-specific activities or in the ratio of any transferase activity over total conjugation capacity (Fig. 4) . In 14-and 18-d-old embryos, specific activity of each transferase was comparable or only slightly lower than in adult animals (about 67, 72, and 102% of adult values, respectively, for bilirubin UDP-glucuronyl, UDP-glucosyl, and UDPxylosyltransferase). Highest specific activities were observed soon after hatching, between d 1 and 2, the lowest at d 14.
Total conjugating capacity (sum of three enzymic activities), as shown in Figure 4 0 , averaged 84% of the adult value in 14-and 18-d-old embryos and peaked 1 d after hatching (79.9 t-15.9 pmol of bilirubin/min/mg of protein). Among the three enzymic activities, UDP-xylosyltransferase and UDPglucuronyltransferase consistently accounted for, respectively, the highest (41-50%) and lowest (18-28%) contribution to total conjugating capacity throughout development (Fig. 4E) .
DISCUSSION
The present study was made possible by the application of new and improved methods for analysis of bile pigments, which had not been available in the hitherto reported studies. These procedures included sensitive structural tests on esterified bilirubins and specific, sensitive HPLC methods for determination of bilirubins and biliverdins. Using these new experimental tools, we have demonstrated that hepatic bilirubin esterification is unquestionably present in the avian embryo. Quite unexpectedly, we found that no major changes in the in vivo and in vitro patterns of bilirubin esterification could be detected during the observed period of embryonic development and after hatching. At all stages, bile contained bilirubin glucuronides, xylosides, and predominantly glucosides. These in vivo results were confirmed in vitro by the demonstration of bilirubin UDP-glycosyltransferase activity in liver homogenates using the three corresponding UDP-sugar co-substrates, UDPGlcUA, UDPXyl, and UDPGlc.
A number of our findings require comment in light of the sometimes conflicting results published by others. The obser- UDPXyl; e, with UDPGlc; a, with UDPGlcUA) to total conjugating activity.
vation that biliverdin amounts to over 90% of the biliary excreted bile pigment is in agreement with an earlier report (29) . That unconjugated biliverdin is water soluble and can readily be excreted in bile most likely can be explained by the presence of a fixed methyne central bridge which makes it impossible for biliverdin to assume the conformational forms with multiple intramolecular hydrogen lbonds as found in unconjugated bilirubin-IXa (30) . The internal hydrogen bonds in unconjugated bilirubin-IXa effectively shield all polar groups
